Inspired by the thermoregulation of mammals via perspiration, cooling strategies utilizing continuously fed evaporating droplets have long been investigated in the field, yet a comprehensive modeling capturing the detailed physics of the internal liquid flow is absent. In this study, an innovative computational model is reported, which solves the governing equations with temperature-dependent thermophysical properties in an iterative manner to handle mass and heat transfer coupling at the surface of a constant shape evaporating droplet. Using the model, evaporation from a spherical sessile droplet is simulated with and without thermocapillarity. An uncommon, nonmonotonic temperature variation on the droplet surface is captured in the absence of thermocapillarity. Although similar findings were reported in previous experiments, the temperature dip was attributed to a possible Marangoni flow. This study reveals that buoyancy-driven flow is solely responsible for the nonmonotonic temperature distribution at the surface of an evaporating steadily fed spherical water droplet.
Introduction
Droplet evaporation is a process encountered in nature (e.g., human perspiration) and in many technological applications (e.g., inkjet printing, DNA mapping) [1] [2] [3] [4] . Due to the high latent heat of vaporization during phase change, large amounts of heat can be removed by evaporation, which makes droplet evaporation a useful tool in cooling applications [5, 6] . Reliable and continuous cooling requires the droplets to endure without being entirely consumed during the process. Feeding the droplet through an opening in the substrate enables the droplet to maintain its shape during cooling [5, 6] . Although researchers have made numerous attempts to simulate the thermal energy transport in the dropwise evaporation problems, the liquid flow inside the droplets was rarely considered before 2000s [7] [8] [9] . Liquid motion inside an evaporating droplet can be triggered by two mechanisms: buoyancy and thermocapillarity [10] . The contributions of the buoyancy on the evaporation rate and flow pattern are reported as restricted in comparison with the thermocapillarity [11] . Theoretical predictions of the studies where the effect of thermocapillarity was investigated, yielded a counterclockwise flow pattern originating from the monotonic increase of the surface temperature from the center to the edge [10, 12] . This monotonic surface temperature gradient was shown to reverse its direction at some critical contact angles [13] [14] [15] . Zhang et al. [16] , on the other hand, reported that a nonmonotonic surface temperature gradient might exist depending on the configuration of the droplet. In recent studies, the nonmonotonic variation of the surface temperatures and the corresponding flow pattern predictions were further investigated [11, 17] .
The precise modeling of the energy transfer at the droplet interface is a key factor in building a realistic computational model. There are three energy transfer mechanisms taking place at the surface of an evaporating droplet: (i) evaporative heat (mass) transfer, (ii) convective heat transfer, and (iii) radiative heat transfer. Although the first one is responsible for the majority of the energy transfer, the other two can become effective especially when the temperature difference between the interface and ambient increases. In the literature, different approaches were taken to model the evaporative mass flux. As being the most popular, Hu and Larson [18] proposed a semi-empirical correlation as a function of contact angle based on the well-known studies of Deegan et al. [19, 20] . During the derivation of this correlation, Hu and Larson assumed the phase equilibrium in a quasi-steady process and solved solely the diffusion equation for the gas phase to calculate the interfacial mass flux from the concentration gradient of vapor based on the assumption of isothermal liquid-vapor interface. In addition, other correlations were proposed using the analogies between heat and mass transfer in different studies [10, 12, [21] [22] [23] . Moreover, kinetic theory was utilized in the estimation of the evaporative mass flux [24] . Conservation equations in gas domain, including the mass diffusion, were solved to calculate the local evaporation flux through concentration gradient at the droplet surface [11, 25] .
Convective heat transfer also contributes to the energy transport at the droplet interface. In the absence of a forced flow of surrounding gas, natural convection of the gas phase drives the convective heat transfer from the interface. In models resolving sessile drop evaporation, the importance of buoyancy was experimentally confirmed by Carle et al. [26] . Although some studies tried to probe the effect of buoyancy of the surrounding gas [10, 11, 22, 27] , many studies neglected its presence. Radiative heat transfer, on the other hand, has been neglected in almost every study in the literature of evaporating droplet modeling.
The computational model developed in this study considers all energy transfer mechanisms at the droplet surface in a comprehensive manner: (i) evaporative mass flux is calculated following the mass transfer correlation and heat-mass coupling analogy proposed in Ref. [10] , (ii) convective heat transfer through the interface is estimated based on a relevant natural convection correlation [28] , and (iii) energy radiating from the interface to its cooler surroundings is calculated based on Stefan-Boltzmann law. The boundary conditions at the droplet interface are functions of the interfacial temperature distribution, which is unknown a priori. Therefore, the present work develops a solution methodology in which boundary conditions are updated using the computed interfacial temperature distribution. During the simultaneous solution of the governing equations, a finite element method (FEM)-based solver of COMSOL MULTIPHYSICS software is utilized and an iterative scheme is implemented using the interface, Livelink TM , for MATLAB. This approach enables coupled heat and mass transfer simulations without writing a new code base, by using the number crunching and meshing capability of a state-of-the-art simulation software to solve a free boundary problem. Moreover, the computational model utilizes temperature-dependent thermophysical properties, including surface tension, in the solution of the governing equations to simulate the thermocapillarity and buoyancy effects, precisely. It should be noted that this approach eliminates the need for the application of the Boussinesq approximation, which was a common assumption in previous studies [10, 11, 27] .
A preliminary application of the proposed model was the modeling of evaporation from a spherical (with 90 deg contact angle), sessile, and continuously fed (by liquid injection) droplet in the absence of thermocapillary effect [29] , where a temperature well was found on the droplet surface for high substrate heating rates. To address this observation, the preliminary model has been improved by adding the effects of thermocapillary flow and radiative heat transfer to the surroundings in this study. The model is, then, applied to a steadily fed spherical water droplet placed on a heated substrate [30] , to enable a direct comparison of predicted and experimental interface temperature variation.
Modeling
Continuous evaporation from a sessile water droplet located on a heated substrate is modeled. The droplet is assumed to have a spherical shape, which enables the implementation of a twodimensional axisymmetric model in spherical coordinates, as shown in Fig. 1 . The spherical geometry of the droplet is preserved by continuous liquid feeding from a concentric inner half sphere. A constant substrate temperature is assigned, and the feeding water is assumed to be in thermal equilibrium with the heated substrate.
Governing Equations and Boundary Conditions.
Steady forms of the conservation of mass, momentum, and energy are solved numerically by means of the FEM solver of COMSOL MULTIPHYSICS software for the liquid domain shown in Fig. 1 r Á ðquÞ ¼ 0 (1a)
where s is the deviatoric stress tensor defined as lð@u i =@x j þ@u j =@x i Þ; and l, c p , and k are dynamic viscosity, specific heat, and thermal conductivity of the liquid water and all liquid properties, including the density, are defined as thermally dependent in the solver. The two-dimensional axisymmetric model ensures the symmetry boundary condition along the center line of the droplet. On the substrate, no-slip and constant temperature boundary conditions are defined. The inlet boundary of the domain, where a continuous supply of water is fed, is at the same temperature as the substrate, T w . The velocity of the water at the inlet, u in , is assumed to be uniform. The distributions of liquid velocity, u s , convection coefficient, h s , and evaporative mass flux, _ m 00 ev , at the liquid-gas interface are unknown a priori; therefore, these quantities at the interface are evaluated in an iterative algorithm whose details are given in Sec. 3. The boundary conditions associated with Eqs. (1a)-(1c) can be summarized as
where r is the Stefan-Boltzmann constant and is emissivity of water, which is 0.97 for the interface of pure water [31] . The temperature of the surroundings, T surr is assumed to be in thermal equilibrium with the ambient air, i.e., T surr ¼ T 1 . Calculations of the evaporative mass flux, convection coefficient, and velocity distribution at the liquid-gas interface, on the other hand, require a close examination of energy and mass balances at the interface, whose details are provided in Secs. 2.2 and 2.3.
Energy
Balance at the Interface. The boundary condition at the interface links the fluid flow and heat transfer of the liquid to thermal and mass transport occurring in the surrounding gas. The higher temperature of the liquid in conjunction with the phase change at the interface creates a buoyancy, inducing a natural convection flow field on the surrounding gas. The characterization of this field, extending far away from the liquid surface, is both complex and computationally demanding even prohibitively expensive. Therefore, in this study-as in many such problems-the conditions at the interface are described using correlations pertinent to this problem.
Calculation of the evaporation rate is crucial in the modeling of droplet evaporation and several correlations are analyzed to determine how to accurately model the evaporative mass flux. In the case of pinned droplets, Deegan et al. [19, 20] suggested a simple curve fit for the evaporation rate along the interface,
Àk , where J 0 was related to vapor mass diffusion and k was a fitting parameter accounting for the nonuniformity of the evaporation rate along the droplet interface. Hu and Larson [18] provided semi-empirical correlations of k(h) and J 0 (h) as functions of contact angle. In this study, Hu and Larson solved only the diffusion equation for the gas phase and calculated the interfacial mass flux from the concentration gradient of vapor based on the assumption of an isothermal liquid-vapor interface. Therefore, their correlations did not include the possible effects of natural convection of the vapor and temperature variations of the interface temperature resulting from evaporative cooling.
Droplet evaporation is influenced by the dynamics of the vapor phase, particularly when the substrate is substantially warmer than the surroundings [26] . An evaporative mass flux correlation based on a constant interface temperature assumption is not applicable for the current study due to the significant temperature variation along the interface. Modeling of the most realistic energy transfer at the interface requires the simultaneous solution of heat and diffusion equations at the vapor phase [11, 25] . However, application of an empirical heat and mass transfer correlation simplifies the problem by eliminating the need to solve for the heat equation in the vapor phase [12, [21] [22] [23] . On the other hand, Laplace solution of the vapor field was used [13, 18, 32] for the calculation of mass transfer at the interface. However, this study does not specifically aim to model the gas flow in the surroundings, but the effect of gas motion must be included to the evaporation model to ensure accuracy. Therefore, the mass transfer correlation and heat-mass coupling analogy is used, which was also utilized in [10] _ m 00 ev ¼ h m ½q vap;sat ðT s Þ À q vap;1 (3) where h m is the mass transfer coefficient and it is defined as a function of local interfacial temperature, T s (/). The mass transfer coefficient is obtained using the analogy between heat and mass transfer [33] 
where q air and c p,air are density and specific heat of the surrounding air, respectively, and Le is the Lewis number defined as, Le ¼ a air /D, where a air and D are the thermal and mass diffusivities of vapor within the air, respectively. h s (/) is the convection heat transfer coefficient as a function of local interfacial temperature T s (/). In the absence of a forced flow of surrounding gas, natural convection of the gas phase drives the convective heat transfer from the interface. Therefore, in order to obtain a reliable estimate for the convective heat transfer coefficient, the empirical correlation derived for an immersed sphere in a surrounding fluid [28] as proposed by Ref.
[10] is used
where k air is the thermal conductivity of the surrounding air; Ra is the Rayleigh number defined as Ra ¼ gbð2r 0 =3Þ 3 ðT s À T 1 Þ =ð air a air Þ; Pr is the Prandtl number; b, air , and a air are thermal expansion coefficient, kinematic viscosity, and thermal diffusivity of air, respectively. The application of this correlation to model the convective heat loss from the droplet interface was attempted in Ref. [10] with the assumption of a small temperature difference between the droplet interface and surrounding air, pushing the correlation to its conduction limit. This study considers the complete correlation, which takes into account the temperature variation along the interface. It should be noted that the correlation given in Eq. (5) is valid for a sphere hanging in a fluid environment such that ambient fluid is flowing upward keeping contact with the interface of the sphere starting from the bottom, for a constant surface temperature. Therefore, a discrepancy between the experimental and theoretical results can be expected, and in order to match the volumetric flow rate measured in the experiments, a scaling of the theoretical value by a factor within each simulation, is applied.
Energy transport is not exclusively due to the phase change at the droplet interface, since convective and radiative heat transfer mechanisms may also contribute to the energy transport from the droplet interface. The current study includes the convective energy transfer from the droplet interface using the convection coefficient proposed in Eq. (5). Radiative heat transfer from the droplet interface to the cooler surrounding, which is assumed to be in thermal equilibrium with air, is also included in the energy balance at the interface.
Mass and Force
Balance at the Interface. The mass conservation at the droplet interface requires the balance of outflow and evaporating mass flow
where n and q(/) are unit normal vector and density of the liquid at the interface as a function of the interfacial temperature, T s (/), respectively. A nonuniform distribution of the interfacial temperature can initiate thermocapillary (or Marangoni) convection due to the imbalance of surface tension forces. Since the substrate in the experimental work was heated and there was a temperature gradient tangential to the interface, a tangential force balance is included to account for the surface tension force. Moreover, the shear stress induced by the gas phase can be neglected due to lower viscosity of the gas, which results in the following balance for tangential forces:
where c and t are surface tension of the liquid and unit tangent vector tensor of the liquid, respectively. Previous studies [10, 13, 14, 17] assumed a linear variation of the surface tension with temperature, but due to the importance of the thermocapillary convection in this study, a second-order polynomial is used, which is fitted to the values obtained by the precise measurements of Ref. [34] , and the temperature derivative of the surface tension is calculated based on the local temperatures at the interface. The normal force balance at the droplet interface is between the interface liquid pressure, interface vapor pressure, and the capillary pressure. Assuming a uniform constant pressure in the gas phase, higher radius of curvature values is expected near the top of the droplet as given by the Young-Laplace equation. Therefore, a flattening is expected near the top region of the droplet, which alters the shape of the droplet. The ratio of gravitational forces to surface tension forces is given by the Bond number
where m drop and L cl are the mass of a half droplet and length of the of the droplet, respectively. The Bond number for the water droplet studied (r i ¼ 0.175 mm and r o ¼ 2.5 mm) in the current work is approximately 0.28, which indicates that the effect of gravity is small and the droplet preserves its spherical shape.
Meshing of the Computational Domain.
Meshing is performed by COMSOL, which results in 15,371 triangular and 318 quadrilateral elements. Grid independence is tested using three different sets of grids. The performance of each mesh is tested based on the volume-averaged temperature of the droplet. Results exhibit that simulations yield almost identical results for all mesh configurations tested, within 0.03 C difference, which assured the grid-independence of the simulations.
Computational Scheme
One of the main challenges in the modeling of droplet evaporation is that boundary conditions at the liquid-gas interface are functions of the interface temperature, which is unknown a priori. Consequently, distributions of liquid velocity, the convective heat transfer coefficient, and evaporative mass flux cannot be directly defined at the interface. The proposed model applies an iterative two-loop computational scheme (Fig. 2) , which enables the simultaneous solution of the steady forms of the mass, momentum, and energy equations with temperature-dependent thermophysical properties via the inner loop and guarantees the total amount of evaporating mass to be equal to the experimentally estimated value via the outer loop. In Secs. 3.1-3.4, each step of the iterative process is explained in detail.
3.1
Step-0: Initialization. In the initialization step, initial estimates of the boundary conditions at the inlet and outlet of the domain-i.e., liquid feeding surface (r ¼ r i ), and liquid-vapor interface (r ¼ r o ) of the droplet-are assigned. A uniform velocity distribution is assumed at the inlet and this average value, which is calculated based on the experimental liquid feeding rate as shown in Eq. (9), is applied for the current model without any modification
where A in is the surface area of the inlet surface. It should be noted that the velocity at the inlet is assumed to be perpendicular to the inlet surface. Distribution of the velocity at the liquid-gas interface, on the other hand, is iterated on within the computational scheme and a uniform distribution is only assumed for the initial estimate, which is calculated based on the ratio of the surface areas as follows:
Based on an initially estimated constant interface temperature, a uniform distribution is assumed for the heat transfer coefficient as the initial guess. This average initial estimate, h o s , is obtained using Eq. (5) without an application of scaling.
3.2
Step-1: Simultaneous Solution of the Governing Equations. In step-1, continuity, momentum, and energy equations, Eqs. (1a)-(1c), with the corresponding boundary conditions, Eqs. (2a)-(2d), are solved simultaneously using the FEM solver of COMSOL software, which enables the thermo-physical properties to be temperature dependent. In this step, solver is applied iteratively to implement the thermocapillarity-induced boundary condition, r t c ¼ l(@ t V n þ @ n V t ), where V n and V t are normal and tangential components of the interface liquid velocity.
3.3
Step-2: Calculations of Evaporative Mass Flux and Heat Transfer Coefficient. In step-2, evaporative mass flux, _ m 00 ev ð/Þ, and heat transfer coefficient, h s (/), are calculated based on the interface temperature distribution, T s (/), which is evaluated in step-1, using Eqs. (3)- (5), where properties of air are at the ambient temperature, T 1 . In addition, corresponding normal velocities and the total amount of the evaporating mass are calculated. The updated interface velocity distribution is stored to be used in the next iterative step.
Until convergence, the normal velocities and interfacial temperatures obtained at step-2 are not equal to the input values to step-1. Total evaporated mass from the droplet, obtained at the end of step-2, is used as a criterion of convergence of steps-1 and -2 at the inner loop decision point. Values of normal velocity, u s ð/Þ, and heat transfer coefficient, h s (/), are iterated on until the convergence is reached in steps-1 and -2.
3.4
Step-3: Scaling of the Heat Transfer Coefficient. The convergence of steps-1 and -2 (the inner loop) does not guarantee Transactions of the ASME the convergence of the total evaporated mass to the experimentally observed value. The outer loop decision point checks this convergence and the computational scheme uses the total evaporated mass for the convergence check. If the absolute error is larger than the desired, the amount of evaporating mass should be rescaled appropriately. Therefore, in the current modeling, the heat transfer coefficient is scaled, which updates the total amount of evaporating mass and interface velocities. The computational scheme is concluded when the outer iteration loop converges.
Results and Discussion
Three different cases are simulated with and without thermocapillarity. While the ambient temperature is 30 C for all three cases, substrate temperatures are 39 C for case 1, 58 C for case 2 and 74 C for case 3 to enable a comparison with available experiments [30] .
Surface temperature predictions with and without the presence of thermocapillarity along with experimental results are given in Fig. 3 . Thermocapillarity results in an approximately uniform temperature distribution on the droplet surface, and the stronger convection carries the high temperature fluid toward the apex leading to temperatures higher than those observed in the experiments. The observed temperatures displayed a characteristic minimum between 60 deg and 70 deg polar angles for cases 2 and 3, which is absent in the simulation results with the thermocapillarity. The simulations without the inclusion of the thermocapillarity are also given in Fig. 3 , which capture the characteristic temperature wells clearly observed in the experiments. In addition, the monotonic temperature change prediction of case 1 without thermocapillarity is in good agreement with the experiments.
The temperature distribution within the droplet without thermocapillarity is given in Fig. 4(a) with the superimposed streamlines and velocity vectors. Case 1 has the lowest temperature difference between the heated substrate and the ambient. Hot liquid entering the domain moves to the apex of the droplet. In close proximity of the interface, the liquid cools due to heat transfer and evaporation on the surface, and temperatures continue to drop as the colder fluid moves along the interface toward the heated surface under the influence of buoyancy. Near the substrate, fluid is heated due to conduction from the substrate and flows to the feeder section of the droplet where new hot liquid is introduced into the domain. The two hot liquid streams merge and move to the apex of the droplet resulting in a clockwise (CW) rotation. Case 2 has a higher temperature difference between the substrate and ambient compared to that of case 1. Although both cases have a similar flow pattern, the temperature distribution within the droplet is quite different, as seen in Fig. 4(b) . A close examination of Figs. 4(a)-4(c) reveals that for the small temperature difference case (case 1), a temperature stratification exists in the entire domain along the vertical direction. Unlike cases 2 and 3, temperatures in any vertical plane monotonically decrease, resulting in the absence of a temperature well on the interface. The two cases with higher temperature differences (cases 2 and 3), on the other hand, have a more complex temperature distribution due to more intense buoyancydriven convection, and the circulation results in a temperature minimum in the vertical planes beyond the incoming jet, circa 0.6-1.0 mm away from the line of symmetry in both cases, resulting in a temperature well on the surface. The current simulation yields an intermediate cooler zone above the substrate and near the interface. Case 3 has the highest temperature difference between the heated substrate and ambient. The pattern is similar to the other cases, and the temperature distribution is similar to that of case 2 but the location of the temperature well is shifted toward the substrate side.
The magnitude of the Marangoni numbers in the current study ranges between 2500 and 20,500 well above the critical value of 80 [35] , which, in fact, indicates the presence of strong thermocapillary convection. The temperature distribution within the droplet including the effect of thermocapillarity is given in Fig. 5 . In all three cases, the liquid circulation is counter clockwise (CCW) in the direction of monotonically decreasing temperatures on the droplet surface. Due to the strong CCW circulation, the incoming fluid is forced to move parallel to the substrate and eventually turns toward the apex at the close proximity of the interface. For cases 2 and 3, due to the higher temperature difference, the incoming fresh fluid separates from the substrate before reaching the interface, which leads to a small region of CW circulation between the main flow path and the substrate. These are all in accordance with numerous studies in the literature that report the presence of a main CCW vortex within water droplets with contact angles close to 90 deg [10, 11, 16] . Therefore, the present model predicts that strong Marangoni flow, shown in Fig. 6(a) , dominates the buoyancy-induced weak flow, shown in Fig. 6(b) , for steadily fed spherical water droplets similar to their drying counterparts with high contact angles. However, the experimentally measured surface temperature distributions of Ref. [30] conform with the calculated temperature variations of the current study only in the absence of thermocapillarity, which led to a nonmonotonic temperature distribution at the interface as evident in Fig. 3 . Moreover, current simulations with thermocapillarity demonstrate that a nonmonotonic variation, i.e., a temperature dip, is not possible in the presence of Marangoni flow for a droplet with 90 deg contact angle in conjunction with numerous previous studies [10] [11] [12] 15, 16] . It should be noted that the existence of thermocapillary flow for pure water has been contentious in the literature [36, 37] . Although the temperature derivative of the surface tension of pure water is capable of generating thermocapillary convection, high attraction of water molecules to the surfactants was speculated to hinder the thermocapillary flow [38] .
The simulations were also carried out for the constant heat flux boundary condition at the heated substrate. To facilitate a comparison, the heat input was kept identical to the corresponding constant temperature boundary condition case in order for both cases to have the same rate of heat and mass transfer. The temperature and flow fields were almost identical, resulting in similar interpretations for the individual effects. Fig. 3 Measured surface temperatures [30] and computed counterparts simulated with and without thermocapillarity 4.1 Sensitivity Analysis. A sensitivity analysis is carried out to see the effect of the droplet radius and the volumetric flow rate, two main parameters that affect the temperature field, which are prone to measurement uncertainties. To estimate the effect of geometry change and the flow rate on the surface temperature distribution, additional simulations are performed based on different droplet radii and flow rates, the results of which are given in Fig. 7 for case 3. The uncertainty of temperature predictions based on 64% radius change is estimated to be within 61
C. Therefore, local radius of curvature changes on the droplet surface might be a possible reason for some of the local deviations between the experimental data and simulation results. A similar analysis of uncertainty based on 7% flow rate change also results in an approximately 61 C change in surface temperature estimates, bringing the simulated results closer to experimental observations for the higher flow rate value. The predictions capture the trends effectively, particularly the temperature wells observed in experiments.
Energy Transport and Assessment of Experimental
Measurements at the Droplet Surface. The presence of convection cells within the droplet suggests that conduction is not the sole mechanism carrying energy to the droplet surface. Substantial experimental effort has been devoted to quantify the contribution of internal convection to the energy transport at the liquid/vapor interface of water [21, 30, 36, [39] [40] [41] . While the radial temperature measurements were used to determine the conduction heat transfer to the interface, the concept of surface thermal capacity was proposed and applied to establish the energy balance at an interface with tangential velocity due to thermocapillarity [39, 40] . Computational modeling, on the other hand, enables making accurate predictions especially in the close proximity of the interface, where the spatial resolution of experimental temperature measurements is restricted by the physical dimension of measurement probe. In order to predict the contribution of internal circulation to the heat transfer at the interface with/without thermocapillarity and to assess the experimental temperature measurements beneath the interface, the energy balance in a finite control volume contiguous to the droplet interface (Fig. 8) is made. Energy is transferred to the control volume by diffusion (conduction) and advection mechanisms, which are denoted by _ q cond and _ q adv in Fig. 8 , respectively. The net amount of energy carried to the control volume, which is equal to the rate of conduction at the interface ( _ q cond r0 ), does not only provide the energy required for the phase change ( _ q ev ), but is also dissipated to surroundings by diffusion ( _ q diff ) and radiation ( _ q rad ). It should be noted that diffusive heat transfer from the interface is simply the conduction on the vapor side, which is usually accounted for by the definition of the "convective heat transfer coefficient" due to the complexity of solving the energy equation in the gas phase. Energy transport at the interface is investigated for case 3, where the circulation is strongest due to higher superheat, with and without the presence of thermocapillarity. The depth of the control volume is selected as Dr ¼ 50 lm, which was the nearest measurement distance to the interface in Ref. [30] . Regardless of the effective mechanism inducing the internal flow, the tangential velocity dominates the radial velocity at this depth as shown in Figs. 9(a) and 9(b). Therefore, the contribution of radial advection ) is small compared to its tangential counterpart. Contribution of advection and conduction in tangential direction, which is simply known as the convective contribution, or the contribution of conduction in normal direction varies along the interface. Figure 10 shows the distributions of conduction rates at the surface ( _ q cond r0 ) and beneath the surface ( _ q cond r0ÀDr ) along the interface. The difference between these conduction rates is the convective contribution, which is significantly higher when the Marangoni flow is effective. While the contribution of the buoyancy-driven convection to the energy transport is negligible at the interface except the close proximity of the heated substrate, where it reaches its highest value 23%, the contribution of thermocapillary convection is substantial throughout the interface, 59%-89% between polar angles / ¼ 0-75 deg and 39%-73% between polar angles / ¼ 75-90 deg.
In experiments, the evaporative heat transfer ( _ q ev ) can be accurately estimated based on the liquid injection rate for a steadily fed droplet. However, liquid or vapor temperature is measured at a finite distance from the interface and this distance cannot be smaller than the radius of measurement probe. Therefore, neither the conduction on liquid side ( _ q cond r0 ) nor the conduction on vapor side ( _ q diff ) can be accurately measured at the interface. Accordingly, the conduction measured at a certain distance from the ) always deviates from the evaporative heat transfer due to: (i) the tangential convection, especially in the presence of Marangoni flow, (ii) the inaccurately measured conduction on vapor side, and (iii) the omission of radiative heat transfer to the surroundings. Computational modeling presented in this study enables the capturing of the contributions of different heat transport mechanisms at the interface based on an iterative algorithm developed using a widely available commercial software.
Conclusion
The temperature and flow fields in an evaporating steadily fed spherical water droplet are modeled by solving the full set of Navier-Stokes equations. In order to model the evaporative heat transfer, mass diffusion, and thermocapillarity on the surface, an iterative scheme is developed, which successively solves the flow and temperature fields, updating the evaporative mass flux due to the surface temperature differences until convergence. The simulations reveal a CW flow pattern for the buoyancy driven flow whereas a CCW flow pattern in the presence of thermocapillary convection. In both cases, the magnitude of the evaporating mass is small compared to the circulating mass, which confirms a minor effect of the injected mass on the flow field. The surface temperature distributions obtained with and without the effect of thermocapillarity are compared to experiments. Based on the magnitude of Ma and the observations from literature, thermocapillary convection is expected to be present in this problem. The simulation results without thermocapillarity, however, are found to capture the distinctive temperature well observed in the experiments. 
